Particles of linear polyethylene (Mn ) (2-3) × 10 3 g mol -1 ; Mw/Mn ) 2-4) obtained by catalytic emulsion polymerization of ethylene possess a nonspherical, lentil-like shape with an average aspect ratio of ca. 10 and diameters from 30 to >300 nm, as determined by TEM and AFM. The particle structure results from a stacking of the lamellae along the one shorter axis of the lentils (i.e., their height, by contrast to the diameter). In addition to these multilamellae particles, remarkably, a considerable number of the particles consist of only a single lamella. The thickness of the lamellae (spacing) as determined by TEM is only 9-11 nm, depending on the polymerization temperature during the synthesis of the dispersions. Crystallization in the dispersions during emulsion polymerization differs dramatically from the usual heterogeneous nucleation of bulk polyethylene samples. Each submicron droplet crystallizes individually, independently from the other droplets, resulting in large supercoolings of around 55°C.
Aqueous dispersions of submicron polymer particles, socalled polymer latexes, are produced on a large scale by emulsion polymerization. They find numerous applications, such as environmentally benign paints and coatings of all kinds. 1 To date, polymer dispersions are produced by free-radical polymerization exclusively. This limits the range of accessible polymer microstructures, and correspondingly the attainable materials properties. For example, the synthesis of dispersions of saturated UV-stable polymers, which at the same time do not bear functional groups subject to slow hydrolysis in applications, is a challenge. 1b The synthesis of dispersions from simple olefins directly obtained from cracking of hydrocarbon feedstocks, without the need for further energy and raw material consuming conversion to other monomers (such as acrylates or vinyl-acetate), is desirable. Catalytic polymerization enables the synthesis of a variety of polymers inaccessible by free-radical techniques. However, the catalysts employed are usually highly water sensitive. 2 Only recently, the synthesis of polymer dispersions by catalytic emulsion polymerization has drawn increased interest. [3] [4] [5] [6] [7] [8] [9] To date, the structure of the dispersed polymer particles and its formation remains unknown. We now report on the morphology and properties of submicron particles of linear polyethylene prepared by catalytic emulsion polymerization.
Aqueous polyethylene dispersions were prepared by nickel-(II)-catalyzed emulsion polymerization (cf., Supporting Information). 6d The dispersions are composed of linear polyethylene with M n in the range from 2 × 10 3 to 3 × 10 3 g mol -1 ; M w /M n ) 2-5. Polymer crystallinities determined by DSC are in the range from 72% to 80%.
An overview transmission electron microscopy (TEM) image of the particles is shown in Figure 1 . Observation of single particles at different tilt angles in the electron microscope ( Figure  2 ) reveals that the particles are not spherical but have a shorter extension along the z-direction; that is, they can be described as lentil-like. This finding is also supported by AFM investigations (vide infra). Such a structure with approximately equal extensions in two dimensions (x and y direction, i.e., diameter) and a shorter extension along the third axis (z-direction, i.e., height; Scheme 1) is due to the propensity of polyethylene to crystallize in lamellae, an individual lamella growing only in two directions. 10 In the particle, the lamellae separated by amorphous regions are stacked along the z-direction. Accordingly, a discontinuous, stepwise loss of the thickness is observed at the edge of the particles (Figure 2 , left image), which are composed of lamellae of different diameter or of imperfectly stacked lamellae.
It should be noted that independently of our work Claverie et al. have envisioned that the latex particles obtained by catalytic emulsion polymerization of ethylene will have a unique morphology due to the specifics of polyethylene crystallization. 11 AFM phase mode images of individual particles again show stacked lamellae (Supporting Information). The dimensions of the particles were quantified by section analyses of a larger number of particles ( Figure 3) . A broad size distribution with respect to both particle height and diameter is observed. For a typical sample, an average diameter of 200 nm and a height of 30 nm were found. This finding of a height much lower than the diameter of the particles is in accordance with the nonspherical, lentil-like structure observed by TEM (vide supra).
To avoid any conceivable misassignments, TEM and AFM images of the same position of the sample were taken (Supporting Information). The results confirm that objects of only a relatively low contrast in TEM are identical to the very thin particles (consisting of one or only few lamellae) found by AFM.
Particle sizes of dispersions are measured routinely by dynamic light scattering (DLS). It is of interest to compare results of this rapid routine method with the above TEM and AFM studies; also, DLS can provide evidence of any conceivable aggregation in dispersion. 12 For the particular sample shown in Figure 3 , an average particle size of 118 nm was determined by DLS, assuming a spherical particle structure. The diffusion coefficient of an oblate ellipsoid of dimensions 2a ) 200 nm and 2b ) 30 nm corresponds to a sphere with a diameter 2R h ) 74 nm. 13 In view of the broad distribution of particle size as well as aspect ratios, the DLS and AFM data are in reasonable agreement with one another. The data do not provide evidence for formation of conceivable aggregates in dispersion.
To further investigate the internal particle structure, the polymer particles were embedded in a solid matrix and cut into thin sections with a microtome. In addition to particles composed of stacked lamellae, TEM (Figure 4 ) also reveals isolated single lamellae. In agreement herewith, in the aforementioned AFM section analysis diagram of the polymer particles (Figure 3 ), a considerable portion of particles with a height of only ca. 8 nm which corresponds to only one lamella is observed (length up to 200 nm). Apparently, during the catalytic polymerization in a considerable portion of submicron droplets colloidally stable particles consists of only a single lamella. This is remarkable, as usually single isolated lamella are only obtained by careful crystallization in model systems. 14 The lamella spacing (from TEM) decreases only slightly with decreasing polymerization temperature during latex preparation from 11 nm (70°C) to 9 nm (30°C). 15, 16 Ed. 1982, 20, 1717-1732 . date for melt or solution crystallized polyethylene at high supercoolings. [17] [18] [19] Differential scanning calorimetry (DSC) measurements were carried out on the dispersions ( Figure 5 ). As expected, by comparison to the isolated bulk polymers, there is no large difference with respect to the melting point T m . A somewhat lower T m emul ) 120°C of the dispersed polymers by comparison to T m bulk ) 127°C can be related to impurities of toluene and hexadecane in the dispersion from latex synthesis. 20 The crystallization temperature of the dispersed polymers is lowered dramatically, however. By comparison to the isolated bulk polymer samples (T c bulk ) 113°C), the crystallization temperature is lowered by about ∆T ) 45°C to T c emul ) 66-70°C. 21 In several consecutive heating/cooling cycles, the observed T c emul values are not significantly altered. A sample was cooled to 90°C and held at 90°C for 12 h. Upon further cooling again, crystallization occurred at 70°C, demonstrating the stability of the polymer latexes under the conditions of DSC measurements. An increase of the cooling rate from the usual 10 K min -1 to 20 K min -1 or a decrease to 5 K min -1 causes only a slight decrease or increase, respectively, of the observed T c emul of about 2°C.
In bulk polyethylene samples, heterogeneous nucleation occurs exclusively, and a few nuclei are sufficient to induce crystallization of a relatively large sample. However, in the polymer dispersion, the submicron droplets crystallize independently from one another. The large supercoolings observed match with the highest supercoolings reported to date for model systems with g1 µm polyethylene compartments. 18, 22, 23 The results indicate that, at polymerization temperatures gca. 80°C or a decrease of the crystallization temperature by introduction of branches, a colloidally stable supercooled dispersed polymer melt may be obtained initially in catalytic emulsion polymerization of ethylene.
In summary, submicron latex particles prepared by catalytic polymerization of ethylene in emulsion possess a unique structure, as a result of the crystallization in a confined space. The dispersions contain a large portion of single lamella particles, which do not aggregate. In the dispersions, each submicron droplet crystallizes individually and independently from the other droplets.
